When a global magnetohydrodynamic (MHD) wave propagates in a weakly dissipative inhomogeneous plasma, the resonant interaction of this wave with either local Alfvén or slow MHD waves is possible. This interaction occurs at the resonant position where the phase velocity of the global wave coincides with the phase velocity of either Alfvén or slow MHD waves. As a result of this interaction a dissipative layer embracing the resonant position is formed, its thickness being proportional to R −1/3 , where R 1 is the Reynolds number. The wave motion in the resonant layer is characterised by large amplitudes and large gradients. The presence of large gradients causes strong dissipation of the global wave even in very weakly dissipative plasmas. Very often the global wave motion is characterised by the presence of both Alfvén and slow resonances. In plasmas with small or moderate plasma beta, β, the resonance positions corresponding to the Alfvén and slow resonances are well separated, so that the wave motion in the Alfvén and slow dissipative layers embracing the Alfvén and slow resonant positions respectively, can be studied separately. However, when β R 1/3 , the two resonance positions are so close that the two dissipative layers overlap. In this case, instead of two dissipative layers, there is one mixed Alfvén-slow dissipative layer. In this paper the wave motion in such a mixed dissipative layer is studied. It is shown that this motion is a linear superposition of two motions, one corresponding to the Alfvén, and the other to the slow dissipative layer. The jump of normal velocity across the mixed dissipative layer related to the energy dissipation rate is equal to the sum of two jumps, one that occurs across the Alfvén dissipative layer, and the other across the slow dissipative layer.
I. INTRODUCTION
In nature and in the laboratory, magnetohydrodynamic (MHD) waves propagate in nonuniform plasmas. It can occur that the phase velocity of a global MHD wave coincides with the local phase velocity of either Alfvén or slow MHD waves at a spatial position, called either Alfvén or slow resonant position. In this case the global wave resonantly interacts with either Alfvén or slow MHD waves at the resonant position. As a result the energy of the global wave is transferred to the local waves, which causes their growth. This process is called resonant absorption. In an ideal plasma the amplitude of the wave motion at the resonant position will grow unboundedly. Dissipation stops this unbounded growth. If the global wave is driven by an external driver, then this occurs when the energy dissipation rate is equal to the energy deposition rate. Hence, the driven wave motion attains a stationary state after a transitional time interval. In a weakly dissipative plasma the energy dissipation occurs only in a thin dissipative layer embracing the resonant position, its thickness being proportional to R −1/3 , where R 1 is the Reynolds number. The amplitude of the wave motion in the dissipative layer is of the order of R 1/3 times the amplitude of the global wave far from the resonant position. Hence, the motion in the dissipative layer is characterised by large amplitudes. Since the thickness of the resonant layer is proportional to R −1/3 , it is also characterised by large gradients. Due to the presence of large gradients in the dissipative layer resonant absorption can efficiently dissipate the wave energy even in very weakly dissipative plasmas. An important property of resonant absorption is that the energy dissipation rate is independent of R when R 1. The wave energy dissipation results in the plasma heating. Hence, resonant absorption is an efficient mechanism of heating of weakly dissipative plasmas.
The possibility of plasmas heating has made resonant absorption the subject of intense study. First it was suggested as a means for the additional heating of fusion plasmas. [1] [2] [3] [4] Later resonant absorption was proposed as a mechanism for heating of the solar corona.
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Another important property of resonant MHD waves that has attracted ample attention of theorists was very efficient transfer of energy from a global MHD wave to local oscillations. This property of resonant MHD waves inspired theorists to suggest these waves for the explanation of the observed large-amplitude pulsations in the Earth magnetosphere. [6] [7] [8] [9] Resonant absorption was also proposed as a mechanism of damping of (that time hypothetical) kink oscillations of magnetic loops in the solar corona. 10 This idea was revived after these oscillations have been observed by the Transition Region and Coronal Explorer (TRACE) spacecraft. 11, 12 It was shown that resonant absorption can provide the observed damping of the coronal loop kink oscillations under very general assumptions about the equilibrium state on which these oscillations are imposed.
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Resonant absorption has been most intensively studied from two different points of view. The first point of view considers the initial value problem. In this problem a global MHD wave is excited at the initial moment of time, and then it damps due to resonant absorption. The second point of view focuses on a driven problem with an external source of energy that excites plasma oscillation. In this paper we concentrate on the driven problem. In particular, we focus on the steady state of driven MHD waves where, in the linear approximation, the perturbations of all quantities oscillate harmonically in time at the frequency of the external driver.
The linear ideal MHD spectrum of a nonuniform plasma consists of Alfvén and slow continua in addition to discrete eigenfrequencies. The generalised eigenfunctions corresponding to frequencies from these continua are non-square-integrable. 15 If the frequency of the global MHD wave, ω, is within one of the two continua, then the solution of the linearised MHD equations has singularities at the resonant magnetic surfaces where ω coincides either with the local Alfvén or local slow frequency. Dissipative effects such as viscosity, resistivity or thermal conduction remove these singularities. In what follows we only consider viscosity and resistivity, while we neglect thermal conduction. It is convenient to introduce the viscous and magnetic Reynolds numbers, R e = l ch v ch /ν and R m = l ch v ch /λ, where l ch is the characteristic spatial scale, v ch the characteristic speed, ν kinematic viscosity, and λ the coefficient of magnetic diffusion. Usually v ch is taken to be of the order of the phase speed of the global MHD wave, and l ch is taken to be equal either to the wave length or to the characteristic spatial scale of inhomogeneity. Then, to characterise the total dissipation we introduce the total Reynolds number R defined by
As we have already mentioned, when R 1, dissipation only operates in thin dissipative layers embracing ideal resonant magnetic surfaces. The thickness of a dissipative layer is of the order of R −1/3 . The linear theory of MHD dissipative layers has been developed by the effort of many authors. In particular, it has been shown that the wave motion both in Alfvén and slow dissipative layers can be described in term of the so-called F and G functions.
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Very often the global wave motion is characterised by the presence of both Alfvén and slow resonances. Let us introduce the plasma beta, β, as the ratio of the characteristic plasma and magnetic pressures. When β 1 the resonance positions corresponding to the Alfvén and slow resonances are well separated, so that the wave motion in the Alfvén and slow dissipative layers can be studied separately. However, when β R 1/3 , the two resonance positions are so close that the two dissipative layers overlap. In this case, instead of two dissipative layers, there is one mixed Alfvén-slow dissipative layer. When β → ∞ we obtain the extreme case of an incompressible plasma.
This situation can be typical for the solar interior.
Gough and McIntyre
18 argued that the magnetic field has to be present in the tachocline separating the radiative and convective zones of the sun. Taking the temperature T ≈ 1.5 × 10 6 K and density ρ ≈ 2 × 10 2 kg m −3 at the tachocline, 18 we obtain for the plasma pressure p ≈ 
In what follows we take Π = 10 3 s. Gough and McIntyre 18 estimated that the magnetic field magnitude needed to provide the transition from the differential rotation observed in the convective zone of the sum to the rigid body rotation below the tachocline is 10 −4 Tesla. Substituting this value in Eq. (2) with Π = 10 3 s we obtain βR −1/3 ≈ 1.4×10 15 . In this case the slow and Alfvén resonant positions practically coincide, and the motion in the dissipative layer can be considered as incompressible. However, Gough and McIntyre 18 estimated only the poloidal magnetic field. Many contemporary theories of the solar magnetic dynamo assume that a strong toroidal magnetic field is generated near the tachocline. We obtain βR −1/3 ≈ 1 if we take B ≈ 50 Tesla, which is quite realistic value of the toroidal magnetic field magnitude near the tachocline. Hence, for the magnetic field magnitude of the order of a few tens of Teslas the motion in the mixed dissipative layer cannot be described in the incompressible plasma approximation.
The limit of incompressible plasmas has been considered by many authors (e.g., Ref. [19] ). In this paper we aim to study the wave motion in a mixed dissipative layer when β is large but finite. The paper is organised as follows. In the next section we formulate the problem and present the equilibrium state and the governing equations. In Sect. III we obtain the solution describing the wave motion in a mixed dissipative layer. Sect. IV contains the summary of the obtained results and our conclusions.
II. PROBLEM FORMULATION
We consider the wave motion superimposed on a static one-dimensional equilibrium. In this equilibrium all quantities depend on the x coordinate of Cartesian coordinates x, y, z only. The equilibrium pressure, density, and magnetic field magnitude are p 0 (x), ρ 0 (x), and B 0 (x) respectively. The equilibrium magnetic field, B 0 , is in the yz-plane, and the angle between B 0 and the z-axis is α = const. Hence,
The equilibrium quantities satisfy the equilibrium condition
The linearised system of MHD equations is
Here v = (u, v, w) is the velocity, p, ρ and b = (b x , b y , b z ) are the perturbations of the plasma pressure, density and magnetic field, and P is the perturbation of the total pressure (plasma plus magnetic); c S is the sound speed determined by c 2 S = γp 0 /ρ 0 , and γ is the ratio of specific heats. Since R 1, dissipation is only important in narrow resonant layers, where there are large gradients in the x-direction, while gradients in the y and z-direction are relatively small. This observation enabled us to write the dissipative terms, which are the terms proportional to ν and λ in Eqs. (6) and (7), in a simplified form. Equation (8) is the linearised adiabatic equation. It expresses the entropy conservation. Dissipation causes the entropy to increase. However, when the equilibrium is static, the dissipative terms in the entropy equation that describe the entropy increase due to viscosity and resistivity are nonlinear with respect to perturbations. Hence they do not appear in the linearised entropy equation, so that the entropy is conserved in the linear approximation.
III. SOLUTION IN DISSIPATIVE LAYERS
Since the equilibrium quantities are independent of time and y and z-coordinate, we can Fourier-analyse Eqs. (5)- (9) with respect to y, z and time. We also can take the wave vector in the z-direction. After that we take the perturbations of all quantities proportional to exp(−iωt + ikz). We assume that the plasma is only weakly dissipative and take R −1/3 = 1. Then R = −3 , which inspires us to introduce the scaled kinematic viscosity and the coefficient of magnetic diffusion,
The ideal Alfvén resonant position x A is defined by
where V A is the Alfvén speed. Let us introduce the tube speed with the square given by
The ideal slow resonant position x c is defined by
When β 1 we have c
. Then Eq. (13) can be rewritten as
It immediately follows from Eqs. (12) and (14) that
where 
It is well-known that the wave motion in an Alfvén dissipative layer mainly resides in the components of the velocity and magnetic field perturbation that are perpendicular both to the equilibrium magnetic field and the inhomogeneity direction (see, e.g., Ref. [16, 20] ). In a slow dissipative layer it mainly resides in the components of the velocity and magnetic field perturbation that are parallel to the equilibrium magnetic field. This implies that it is convenient to introduce the parallel and perpendicular components of the velocity and magnetic field perturbation,
Now, using the new variables, we rewrite Eqs. (5)- (9) as
Note that, in accordance with Eq. (4), dp 0 /dx is of the order of magnetic pressure divided by l ch , and not of the order of p 0 /l ch . The system of Eqs. (17)- (26) contains the small parameter . This implies that we can look for a solution to this system in the form of asymptotic expansions with respect to . We write these expansions for the parallel and perpendicular components of the velocity and magnetic field perturbations as
Then it follows from Eqs. (18), (19) , (22), (25) and (26) that the expansion for p has to start from a term of the order of unity, while the expansions for u, b x , ρ and P have to start from terms of the order of . Hence, we write the expansions for these quantities as
Substituting expansions (27) and (28) in Eqs. (17)- (26) and collecting terms of the order of unity we obtain
All the coefficient in this system of equations are calculated at x = x A . First of all, it follows from Eq. (30) that P 1 = const. Equations (32) and (34) constitute the system of two linear algebraic equations for v ⊥1 and b ⊥1 . This system has a non-trivial solution only when its determinant is zero. This condition gives
If we consider waves propagating in the positive z-direction, then it reduces to Eq. (11). Now we can easily obtain the following relations:
Collecting terms of the order of in Eqs. (18), (20) (39), we obtain the system of equations
Once again all the coefficient in this system of equations are calculated at x = x A . Eliminating u 2 from Eqs. (40) and (43) yields
Equations (42) and (44) constitute a system of two linear inhomogeneous algebraic equations for v ⊥2 and b ⊥2 . The determinant of this system is zero, so that the system has solutions only when the right-hand sides of Eqs. (42) and (44) satisfy the compatibility condition. To obtain this condition we subtract Eq. (44) from Eq. (42). As a result we obtain
In a similar way we obtain the compatibility condition for the system of equations (41) and (45),
Following Ref. [16] we introduce the thickness of the Alfvén dissipative layer (note that, in high-beta plasmas, it coincides with the thickness of the slow dissipative layer)
and the dimensionless variable τ = (
and P ≈ P 1 , we rewrite Eqs. (46) and (47) as
where
is the approximate distance between the slow and Alfvén resonant positions (taken with the minus sign when x c < x A ). Equation (49) 
Taking u ≈ u 1 and substituting Eqs. (52) and (53) in Eq. (29) we obtain
The simple integration of this equation yields
where C is a constant that has to be determined by matching the solution in the dissipative layer with the external solution, and the function G(τ ) is given by
In Ref. [20] the concept of connection formulae was introduced. The connection formulae give the jump of the total pressure and velocity component normal to the dissipative layer across the dissipative layer. The plasma motion in the external region, which is the region outside the dissipative layer, can be described by the system of linearised ideal MHD equations. This system can be reduced to a system of two first-order differential equations for P and u. 15 The connection formulae connect the solutions of ideal MHD equations at the left and the right of the dissipative layer. If we know the jumps of P and u across the dissipative layer, we can consider the dissipative layer as a surface of discontinuity when solving the ideal MHD equations. This approach is similar to one used in gas dynamics when studying gas motions with shocks. The Rankine-Hugoniot relations at the shock are used to connect the solutions at the left and the right of the shock.
The jump of function f (τ ) across the dissipative layer is defined by
(58)
Since P ≈ P 1 is independent of τ , it immediately follows that [P ] = 0. It is straightforward to calculate the jump of G(τ ) across the dissipative layer:
Using this result we obtain from Eq. (56)
It is straightforward to see that this jump is equal to the sum of two jumps, one across the Alfvén and the other across the slow dissipative layer. If we denote the dimensionless amplitude of the wave motion far from the dissipative layer as a, then it follows from the matching of the external ideal solution and the solution in the dissipative layer that P and u are of the order of a. Then we conclude that v , v ⊥ , b , and v ⊥ are of the order of −1 a = R 1/3 a. These variables are called the large variables. Recall that, in an Alfvén dissipative layer, the large variables are v ⊥ and b ⊥ , 16, 20 while in a slow dissipative layer the large variable are v and b . 17, 20 Hence, the fact that v , v ⊥ , b , and v ⊥ are large variable is in the complete agreement with the fact that, in highbeta plasmas, dissipative layers are mixed. In general, our analysis shows that the wave motion in a mixed dissipative layer is a linear superposition of two motions, one in the Alfvén dissipative layer embracing the ideal Alfvén resonant position x = x A , and the other in the slow dissipative layer embracing the ideal slow resonant position x = x c , x c being very close to x A .
We obtain the extreme case of incompressible plasma if we take β → ∞. In this case x c = x A and it follows from Eqs. (52) and (53) 
IV. SUMMARY AND CONCLUSIONS
In this paper we have studied in the linear approximation the wave motion in a dissipative layer in a weakly dissipative plasma with the large plasma beta. We have considered a one-dimensional planar equilibrium. We have shown that, in this case, the ideal Alfvén and slow resonant positions are so close that the Alfvén and slow dissipative layers overlap. As a result there is one mixed dissipative layer embracing the both ideal resonant positions. The wave motion in this mixed layer is a linear superposition of two wave motions, one in the Alfvén dissipative layer and the other in the slow dissipative layer. The jump of the component of the velocity normal to the dissipative layer across the dissipative layer is equal to the sum of its jumps across the Alfvén and slow dissipative layers. The large variables in a mixed dissipative layer are the two components of the velocity and magnetic field perturbation parallel to the dissipative layer.
In the extreme case of incompressible plasmas the only large variables are the components of the velocity and magnetic field perturbation in the direction of wave propagation.
